Mitochondrial complex I dysfunction has long been associated with Parkinson's disease (PD). Recent evidence suggests that mitochondrial involvement in PD may extend beyond a sole respiratory deficit and also include perturbations in mitochondrial fusion/fission or ultrastructure. Whether and how alterations in mitochondrial dynamics may relate to the known complex I defects in PD is unclear. Optic atrophy 1 (OPA1), a dynamin-related GTPase of the inner mitochondrial membrane, participates in mitochondrial fusion and apoptotic mitochondrial cristae remodeling. Here we show that complex I inhibition by parkinsonian neurotoxins leads to an oxidative-dependent disruption of OPA1 oligomeric complexes that normally keep mitochondrial cristae junctions tight. As a consequence, affected mitochondria exhibit major structural abnormalities, including cristae disintegration, loss of matrix density and swelling. These changes are not accompanied by mitochondrial fission but a mobilization of cytochrome c from cristae to intermembrane space, thereby lowering the threshold for activation of mitochondria-dependent apoptosis by cell death agonists in compromised neurons. All these pathogenic changes, including mitochondrial structural remodeling and dopaminergic neurodegeneration, are abrogated by OPA1 overexpression, both in vitro and in vivo. Our results identify OPA1 as molecular link between complex I deficiency and alterations in mitochondrial dynamics machinery and point to OPA1 as a novel therapeutic target for complex I cytopathies, such as PD.
1
In addition, complex I inhibitor 1-methyl-4-pheny-1,2,3,6-tetrahydropyridine (MPTP) reproduces some of the clinical and neuropathological hallmarks of PD in monkeys and humans, including degeneration of dopaminergic neurons of the substantia nigra pars compacta (SNpc). 1 In rodents, complex I inhibition with MPTP or rotenone leads to SNpc dopaminergic cell death through the activation of mitochondria-dependent apoptotic pathways. [2] [3] [4] [5] [6] Growing evidence indicate, however, that the potential role of mitochondria in PD may extend well beyond a sole deficit in respiration. 7 Genetic-and neurotoxic-based experimental systems related to PD have indeed unraveled perturbations in several aspects of mitochondria dynamics, including alterations in mitochondria fusion/fission balance, abnormalities in mitochondria morphology/structure or defects in mitochondria turnover. 7 It is currently unknown whether and how these novel mechanisms by which mitochondria may also be linked to the pathogenesis of PD are actually related to the previously reported complex I defects occurring in this disease.
Optic atrophy 1 (OPA1) is a dynamin-related GTPase residing in the inner mitochondrial membrane (IMM) that participates in both the regulation of mitochondrial fusion and the pro-apoptotic remodeling of mitochondria. 8, 9 OPA1 promotes the IMM fusion whereas other GTPases, such as Mitofusins 1 and 2 (Mfn1, Mfn2), are involved in the fusion of the outer mitochondrial membrane (OMM). 8 In addition, OPA1 has been shown to regulate mitochondria structural alterations occurring during apoptosis independently of its role in mitochondrial fusion. 9 Biochemical analyses identified an oligomeric OPA1 complex able to keep mitochondria cristae junctions tight in healthy mitochondria, thereby maintaining the bulk of cytochrome c within cristae, where most mitochondrial respiration occurs. 9 During apoptosis, this OPA1 complex is disrupted, leading to the widening of cristae junctions and the subsequent redistribution of cytochrome c from cristae to the mitochondria intermembrane space (IMS). 9 Once soluble in the IMS, cytochrome c can be subsequently released to the cytosol by permeabilization of the OMM and initiate caspase-dependent cell death. Supporting an instrumental role for OPA1 in cell death, OPA1 knockdown in cultured cells results in mitochondrial morphological alterations, cytochrome c release and apoptosis, whereas OPA1 overexpression protects against a range of pro-apoptotic stimuli. 10, 11 In humans, mutations in OPA1 cause inherited neurodegenerative disorders, such as dominant optic atrophy, in which retinal ganglion cells degenerate. 12, 13 Given its key position at the crossroad between mitochondrial dynamics and cell death, we explored whether OPA1 may underlie mitochondrial alterations and dopaminergic neurodegeneration linked to PD-related complex I defects.
Results
OPA1 restores mitochondria morphological alterations linked to complex I inhibition. Diseases linked to defective mitochondrial function, including complex I cytopathies, are characterized by morphologically abnormal, swollen mitochondria with distorted cristae. 14 Here we assessed whether OPA1 may underlie such mitochondrial structural abnormalities linked to complex I deficiency. Mitochondrial morphology was determined at ultrastructural level in SH-SY5Y neuroblastoma cells transfected with OPA1 or empty (control) vectors and treated with either saline or 1-methyl-4-phenylpyridinium (MPP þ ; i.e. MPTP's active metabolite). In salinetreated cells, whether transfected or not with OPA1, most mitochondria (95% and 98%, respectively) exhibited normal (class I) ultrastructure, with fairly dark, uniform matrix filled with densely packed, regularly distributed cristae (Figure 1a) . Following MPP þ intoxication, empty vector-transfected cells exhibited abundant (B83%) remodeled (class II) mitochondria with disrupted cristae, sometimes entirely lacking, and loss of matrix density (Figure 1a) . Some of these abnormal Neuroprotection by OPA1 in experimental PD D Ramonet et al mitochondria appeared largely swollen and contained electron-dense inclusion bodies (Figure 1a , inset). OPA1 overexpression markedly reduced the amount of abnormal mitochondria (down to B19%) in MPP þ -treated cells (Figure 1a) , thus indicating that mitochondrial structural abnormalities linked to complex I inhibition are modulated by OPA1. Quantitative analyses of (i) the mitochondrial area occupied by cristae and (ii) the electron density contributed by cristae within individual mitochondria further confirmed that MPP þ induces a significant disruption of mitochondria cristae that can be prevented by OPA1 overexpression (Supplementary Figure 1) .
We next determined whether mitochondrial morphological alterations caused by complex I inhibition were associated to changes in mitochondrial fusion/fission balance. Mitochondrial length was measured by morphometry in saline-or MPP þ -treated SH-SY5Y cells co-transfected with the mitochondrial expression vector pDsRed2-Mito and either OPA1 or empty control vectors. On the basis of previous studies, 15, 16 mito-DsRed2-labeled mitochondria were binned into three different categories: mitochondria with a length of 43 mm were considered as elongated, those with a length between 0.5 and 3 mm as intermediate and those smaller than 0.5 mm as fragmented. In saline-treated, empty vector-transfected cells, 87% of mitochondria were of intermediate size, 8% appeared as fragmented and 5% as elongated (Figure 1b) . Following MPP þ intoxication, no significant changes in mitochondrial length categorization were detected, with 87% of mitochondria remaining at intermediate size, 5% as elongated and 7.5% as fragmented (Figure 1b) . OPA1 overexpression increased the percentage of elongated mitochondria in both saline-and MPP þ -treated cells (up to 13% and 19%, respectively), although most mitochondria remained at intermediate size (80% and 72%, respectively) ( Figure 1b) . These results indicate that OPA1-dependent mitochondrial structural abnormalities linked to complex I inhibition are not associated with significant mitochondrial fragmentation. Therefore, the above-reported effect of OPA1 at preventing MPP þ -induced mitochondrial structural abnormalities cannot be attributed to an effect of OPA1 at counteracting mitochondrial fission in this pathological situation.
Complex I inhibition leads to oxidative-dependent OPA1 desoligomerization. In healthy mitochondria, the integrity of cristae is maintained by an oligomeric OPA1 complex that, by clamping juxtaposed cristae membranes, keeps cristae junctions tight. 9 This oligomer, whose size is compatible with an OPA1 trimer (B290 kDa), corresponds to an heteromer formed by integral IMM and soluble IMS forms of OPA1, corresponding to long (L-OPA1, B100 kDa) and short (S-OPA1, B80 kDa) OPA1 isoforms, respectively. 9 Given our observation of OPA1-dependent structural alterations in mitochondria cristae following complex I inhibition, we next determined whether OPA1 desoligomerization could account for such mitochondrial morphological defects in this pathological situation. As OPA1-containing complexes are chemically cross-linkable, we addressed this question by performing crosslinking experiments in isolated nonsynaptosomal mouse brain mitochondria. Untreated (UT) or MPP þ -treated mouse brain mitochondria were cross-linked with the zero-length crosslinker 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). In cross-linked UT brain mitochondria, a high-order OPA1 complex can be detected at B290 kDa by immunoblot (Figure 2a ). This OPA1 complex is absent in mitochondria whose cristae had been mechanically distended by osmotic swelling (Figure 2a) . Following complex I inhibition with MPP þ , brain mitochondria exhibited a dosedependent reduction in oligomeric OPA1 (Figures 2a and b) , which was accompanied by parallel increases in non-oligomeric OPA1 isoforms (Supplementary Figure 2a) . Similar results were observed in native gels without crosslinking (Supplementary Figure 3) , and when treating brain mitochondria with another complex I inhibitor, rotenone ( Supplementary Figures 2b and 4) . In contrast to OPA1, MPP þ does not destabilize other mitochondrial protein complexes such as complex I (Supplementary Figure 5) or the translocase of the mitochondrial outer membrane (TOM complex) (Supplementary Figure 6) .
Because complex I blockade is associated with increased mitochondrial production of reactive oxygen species (ROS), 4, 17 we next explored whether OPA1 desoligomerization caused by complex I inhibition may be secondary to increased mitochondrial oxidative damage. Supporting the latter, incubation of isolated brain mitochondria with the free-radical scavenger OPA1 disruption linked to complex I inhibition results in cytochrome c mobilization. By tightening cristae junctions, oligomeric OPA1 helps maintaining the bulk of cytochrome c within cristae in healthy mitochondria. 9 Therefore, we next determined whether OPA1 desoligomerization caused by complex I blockade is associated with a mobilization of cytochrome c from cristae to IMS. Given the different redox potential and accessibility of membrane bound and free cytochrome c, these two pools of cytochrome c can be specifically reduced by ascorbate and membrane-permeant N,N,N 0 ,N 0 -tetramethyl-p-phenylenediamine (TMPD), the former being able to reduce only soluble cytochrome c while the latter can reach all cytochrome c. The ratio of ascorbateover TMPD-driven oxygen consumption (asc/TMPD) thus provides an estimate of the pool of free cytochrome c in the IMS relative to the total mitochondrial cytochrome c. 4, 18 In isolated mouse brain mitochondria, inhibition of complex I with MPP þ leads to increased asc/TMPD-driven respiration, indicating a mobilization of cytochrome c from cristae stores toward the IMS (Figure 3a ). 4 Supporting a role for OPA1 disruption on MPP þ -induced cristae-to-IMS cytochrome c mobilization, the latter was markedly attenuated in isolated brain mitochondria preincubated with recombinant OPA1 (Figure 3a) , which readily internalizes into mitochondrial membranes ( Supplementary Figures 7a and 8 ).
Once soluble in the IMS, cytochrome c can be released to the cytosol following permeabilization of the OMM by proapoptotic members of the Bcl-2 family. In the context of dopaminergic neurodegeneration linked to complex I inhibition, OMM permeabilization is mediated by cell death agonist Bax. 2, 4, 5 Reflecting the requirement for both cristae remodeling and OMM permeabilization for cytochrome c release linked to complex I blockade, neither complex I inhibition by itself nor the sole permeabilization of the OMM with recombinant Bax are able to trigger overt cytochrome c release from isolated brain mitochondria. 4 In contrast, the combination of complex I inhibition with recombinant Bax results in a marked release of cytochrome c from these mitochondria (Figures 3b and c) . 4 Consistent with the abovereported effect of OPA1 at preventing MPP þ -induced cytochrome c mobilization from cristae to IMS (Figure 3a) , the release of cytochrome c induced by Bax in MPP þ -treated brain mitochondria was markedly attenuated by the addition of recombinant OPA1 (Figures 3b and c) . The beneficial effects of OPA1 at preventing cytochrome c mobilization and Bax-mediated cytochrome c release in MPP þ -treated mitochondria were not due to an impaired ability of MPP þ to inhibit complex I and increase ROS production in the presence of recombinant OPA1 (Supplementary Figure 9) . Taken together, our results indicate that OPA1 desoligomerization linked to complex I inhibition increases the releasable soluble pool of cytochrome c in the IMS, thereby sensitizing affected mitochondria to PD-related pro-cell death agonists, such as Bax.
OPA1 attenuates cytochrome c release and cell death linked to complex I inhibition in vitro. We next assessed the pathogenic significance of OPA1 disruption and mitochondrial remodeling caused by complex I inhibition. SH-SY5Y cells co-transfected with pDsRed2-Mito and either OPA1 or empty control vectors were treated with saline or complex I inhibitors (MPP þ or rotenone) and subsequently immunostained for cytochrome c. In salinetreated cells, whether transfected or not with OPA1, most cytochrome c (78% and 82%, respectively) colocalized with mito-DsRed2-labeled mitochondria, reflecting the typical mitochondrial localization of cytochrome c in healthy mitochondria (Figures 4a and b) . Following MPP þ intoxication, empty vector-transfected cells exhibited a markedly reduced colocalization of cytochrome c with mito-DsRed2 (Figures 4a  and b) , indicative of cytochrome c being released from affected mitochondria in these cells. MPP þ -induced cytochrome c release was associated with cell death, as determined by flow cytometry after propidium iodide staining (Figure 4c ). OPA1 overexpression markedly attenuated MPP þ -induced Figure 10) . These results indicate that OPA1 disruption has a major pathogenic role in neurodegeneration linked to complex I blockade in vitro.
OPA1 attenuates dopaminergic nigrostriatal denervation linked to complex I inhibition in vivo. To determine the relevance of our in vitro results to an in vivo situation, we assessed OPA1 immunoblot levels by SDS-PAGE in ventral midbrain samples from mice treated with either saline or MPTP (30 mg/kg per day for five consecutive days).
In saline-injected animals, OPA1 was detected as a double band corresponding to integral IMM (L-OPA1, B100 kDa) and soluble IMS (S-OPA1, B80 kDa) OPA1 isoforms ( Figure 5a ). Both IMM and IMS OPA1 isoforms were markedly decreased in the ventral midbrain of MPTP-treated mice, compared with saline-injected animals ( Figure 5a ). Decreased OPA1 levels occurred early following MPTP (i.e. 24 h after the last MPTP injection), thereby preceding dopaminergic cell death in this model, which occurs between 48 h and 4 days post MPTP. 2, 4, 5 These results concur with the observed OPA1 desoligomerization and increased apoptotic cell death in MPP þ -treated cells, as levels of IMS/IMM OPA1 are crucial for the formation of the OPA1 oligomer to protect from apoptosis 19 and to prevent cristae remodeling. 9 To further confirm whether OPA1 decreased levels has an instrumental role in MPTP-induced neurodegeneration, we overexpressed OPA1 in the SNpc of salineand MPTP-treated mice by means of adenoassociated viral (AAV) vectors. Mice received single unilateral stereotaxic injections of AAV-OPA1 in the SNpc. Control mice received identical injections of an AAV vector encoding for green fluorescent protein (GFP; AAV-GFP). Three weeks after viral vector delivery, ventral midbrain samples ipsilateral Figure 7b) . OPA1-and GFP-overexpressing mice were treated with either saline or MPTP and the integrity of the nigrostriatal dopaminergic system was assessed in these animals at day 21 after the last MPTP injection, once the dopaminergic lesion is stabilized using this particular regimen of MPTP intoxication. 20 In AAV-GFP-injected mice, MPTP killed B30% of SNpc dopaminergic neurons, as determined by stereological cell counts of SNpc tyrosine hydroxylase (TH)-positive cells (Figure 5c ), and produced a B70% depletion of striatal dopaminergic terminals, as assessed by optical densitometry of striatal TH-positive fibers (Figure 5c ). In contrast, OPA1-overexpressing mice exhibited a marked attenuation of MPTP-induced nigrostriatal dopaminergic denervation, both at the level of SNpc dopaminergic cell bodies and striatal dopaminergic terminals (Figure 5c ). These results indicate that OPA1 has an instrumental role for dopaminergic neurodegeneration linked to complex I inhibition in vivo and demonstrate the feasibility and neuroprotective potential of targeting OPA1 in this pathological situation.
Discussion
Here we identified OPA1 as a major regulator of mitochondrial morphological abnormalities and dopaminergic neurodegeneration linked to complex I deficiency, both in vitro and in vivo. Complex I inhibition leads to the disruption of OPA1 oligomeric complexes that normally maintain cristae structure in healthy mitochondria. As a consequence, affected mitochondria exhibit major structural abnormalities, such as reduced number of cristae, occasionally entirely lacking, loss of matrix density and swelling. Remarkably, these mitochondrial changes can be reversed by increasing OPA1 levels. Relevant to PD, similar defects in mitochondrial morphology, including cristae disintegration, have been observed in cytoplasmic hybrid (cybrid) cells repopulated with mitochondria from PD patients 14 and in substantia nigra postmortem PD samples. 21, 22 In addition, PD-causing pathogenic mutations in Parkin (an E3 ubiquitin ligase) and PINK1 (PTENinduced putative kinase-1, a mitochondrially targeted kinase) induce similar mitochondrial morphological alterations, as observed in Drosophila melanogaster Pink1 or park (the D. melanogaster homologue of the parkin-encoding gene PARK2) mutants [23] [24] [25] [26] [27] or in primary fibroblasts derived from PD patients carrying two different PINK1 mutations. 28 Supporting a potential role for of OPA1 in PINK1/parkindependent mitochondrial abnormalities, OPA1 has been identified as a PD-interacting gene in genome-wide screen analyses for modifiers of PD genes in Drosophila Pink1/park mutants. 29 In our study, mitochondrial structural abnormalities linked to complex I inhibition were not associated with significant mitochondrial fragmentation. Although earlier reports have indicated the occurrence of mitochondrial fission following intoxication by parkinsonian neurotoxins, [30] [31] [32] recent studies failed to detect mitochondrial fragmentation in MPP þ -treated murine mesencephalic dopaminergic primary neurons. 33 Although the reasons for such apparent discrepancies are unknown, mitochondrial fission has not been demonstrated so far in PD, although the latter may be hindered by current technical limitations. In our experimental system, cytochrome c release and cell death linked to complex I deficiency correlated with mitochondrial structural remodeling rather than mitochondrial fission. Supporting our observation, mitochondrial fragmentation is uncoupled from cytochrome c release and cell death induced by Bax/Bak activation in HeLa cells. 34 In addition, enforced mitochondrial elongation by expression of pro-fusion proteins Mfn1 or Mnf2 fails to protect against huntingtin-mediated or NMDA-induced cell death, respectively, while preservation of cristae structure by OPA1 overexpression is able to attenuate cell death in both pathological situations. 16, 35 Furthermore, OPA1 overexpression efficiently protects cells lacking Mfn1, which is essential for OPA1-mediated fusion, and cells doubly deficient for Mfn1 and Mfn2, in which fusion is completely abolished, 9 thereby indicating that OPA1 exerts its anti-apoptotic effects independently from mitochondrial fusion. Taken together, these results point to cristae remodeling, rather than mitochondrial fission, as an essential component of mitochondriadependent apoptosis. In apparent contradiction with the latter assertion, inhibition of pro-fission dynamin-related protein 1 (Drp1) protects cells against a variety of pro-apoptotic stimuli, including parkinsonian neurotoxins [30] [31] [32] and parkin/PINK1 PD-causing mutations. 36, 37 Reconciling these results, some studies have shown that Drp1 not only promotes mitochondrial fragmentation but can also induce OPA1-dependent cristae remodeling. 35, 38, 39 Therefore, the reported antiapoptotic effects linked to Drp1 inhibition may actually be exerted by preventing cristae remodeling and not mitochondrial fission.
OPA1 oligomers are presumably produced by heterodimerization of a soluble IMS form of OPA1 with integral IMM OPA1 isoforms. 9 In mammalian mitochondria, the formation of soluble IMS OPA1 depends, at least in part, on the inner membrane presenilin-associated rhomboid-like (PARL) protease. 9, 19 Accordingly, PARL-deficient mitochondria exhibit decreased OPA1 oligomerization and are more prone to apoptosis. 9, 19 Remarkably, a missense mutation in the PARL gene, leading to defective PARL's activity, has been recently identified in two patients with PD. 40 Although it remains to be determined whether PD-linked mutant PARL affects OPA1 oligomerization, this observation further reinforces a potential link between OPA1 and PD. In our study, OPA1 desoligomerization linked to complex I inhibition was found to be dependent on increased mitochondrial ROS production, suggesting that OPA1 may be a target of mitochondrial oxidative stress. In this context, we have previously shown that complex I inhibition leads to the peroxidation of the IMM phospholipid cardiolipin, to which cytochrome c is normally attached, resulting in the disruption of the normal binding of cytochrome c to the IMM. 4 Combined with the results presented here, it appears that cristae-to-IMS mobilization of cytochrome c following complex I inhibition involves the detachment of cytochrome c from the IMM and the widening of cristae junctions, both phenomena being secondary to mitochondrially-driven oxidative attack (to cardiolipin and OPA1, respectively) ( Figure 6 ). Further supporting a pathogenic role for mitochondria-derived ROS in PD-related neurodegeneration, transgenic mice overexpressing human catalase specifically targeted to the mitochondria exhibit an attenuation of MPTP-induced mitochondrial ROS and reduced dopaminergic neurodegeneration.
17
OPA1-dependent cristae remodeling leads to the redistribution of cytochrome c from cristae to the IMS, from where it can be subsequently released to the cytosol following OMM permeabilization and initiate caspase-dependent cell death. OMM permeabilization linked to complex I inhibition has been shown to be mediated by Bax.
2,4,5 MPTP-intoxicated mice exhibit a time-dependent, region-specific cytochrome c release followed by activation of caspase-9, caspase-3 and apoptotic dopaminergic cell death. 4 All these events, including dopaminergic neurodegeneration, coincide with Bax mitochondrial translocation and are prevented by genetic ablation of Bax. 2, 4, 5 In contrast, other pro-apoptotic cell death agonists, such as Bid or Bak, which are known for cooperating with Bax to initiate mitochondrial-dependent apoptosis in response to the ligation of cell-surface death receptors, are dispensable for MPTP-induced dopaminergic neurodegeneration (Supplementary Figure 11) . Remarkably, the extent of neuroprotection provided by OPA1 overexpression in MPTP-intoxicated mice is very similar to that obtained by the genetic ablation of Bax in these animals, 2 thus being compatible with both approaches acting within the same molecular pathway. In addition, both approaches not only preserve SNpc dopaminergic cell bodies following MPTP intoxication but also attenuate striatal dopaminergic terminal loss. 2 The latter is of particular therapeutic importance in the context of PD, because the cardinal motor symptoms of the disease are actually attributed to the loss of striatal dopamine fibers. 1 Intriguingly, loss of OPA1 (and decreased mitochondrial fusion) was shown to rescue flight muscle degeneration, cell death and mitochondrial abnormalities caused by PD-linked pink1/parkin mutations in Drosophila. 41, 42 This effect has been attributed to a restoration of mitochondrial fission and an increased ability to degrade dysfunctional, fragmented mitochondria through mitophagy. [41] [42] [43] In contrast to the observations in Drosophila, the results presented here in human cells and mice indicate instead that the loss of Opa1 severely compromises neurons by sensitizing these cells for the proapoptotic release of cytochrome c. This apparent discrepancy may be attributed to the fact that, in contrast to mammalian cells, OMM permeabilization and cytochrome c release are not consistently required for insect cell apoptosis. 44 In summary, our study identifies OPA1 as a molecular link between complex I deficiency and alterations in mitochondrial Figure 6 Schematic representation of the proposed mechanism of OPA1-dependent mobilization of cytochrome c linked to complex I inhibition (see text for details). CI, complex I; Cyt. c, cytochrome c Neuroprotection by OPA1 in experimental PD D Ramonet et al dynamics machinery, both of which have been independently associated to PD. According to our study, dopaminergic cell death linked to complex I deficiency correlates with OPA1-dependent mitochondria structural remodeling, but not mitochondrial fission, rendering compromised neurons more prone to degenerate. More importantly, we provide the first demonstration of a neuroprotective effect obtained by manipulation of molecular components of the mitochondrial dynamics machinery, such as OPA1, in an in vivo situation. These results point to OPA1 as a potential disease-modifying therapeutic target for complex I cytopathies, such as PD.
Materials and Methods Materials. For immunoblotting, the primary antibodies used were OPA1 (BD biosciences, San Jose, CA, USA; 612606), cytochrome c (BD biosciences), Hsp60 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), NDUFA9 (MitoSciences, Eugene, OR, USA) and TOM20 (Abcam, Cambridge, UK). For immunostaining, primary antibodies were cytochrome c (Abcam, ab6400) and TH (Calbiochem, Darmstadt, Germany). Complex I inhibitors MPP þ and rotenone were obtained from Sigma-Aldrich. pDsRed2-Mito plasmid was obtained from Clontech (Mountain View, CA, USA). pCDNA3.1-OPA-1 plasmids was developed as described. 9 Recombinant oligomeric Bax was obtained from Abnova (Taipei City, Taiwan). AAV vectors of serotype 2/6 encoding for OPA1 were produced at the UPV-CBATEG (Autonomous University of Barcelona, UAB, Spain).
Cell culture and treatments. SH-SY5Y human dopaminergic neuroblastoma cells were obtained from ATCC and maintained at 37 1C in 5% CO 2 in MEM/ Ham's F12 medium, supplemented with 10% fetal calf serum and 1% penicillin/ streptomycin, until use. Transfections were performed with lipofectamide 2000 (Invitrogen, Paisley, UK) following the manufacturer recommendations. For drug treatments, cells were grown to 70-80% confluency.
Electron microscopy. After the indicated treatments, cells were detached, pelleted and fixed in 2% glutaraldehyde for 2 h at 4 1C, then postfixed in 1% osmium tetroxide for 1 h at 4 1C. The samples were dehydrated, embedded in plastic and cut into in 70-nm sections for microscopy. Sections were subsequently poststained with 5% uranyl acetate. Samples were viewed with a JEOL JEM 1010 electron microscope (Tokyo, Japan). Classification of mitochondrial morphological subtypes (Class I/II) was performed as previously reported. 18 Mitochondrial length. SH-SY5Y cells were stably transfected with mitochondrial expression vector pDsRed2-Mito. After the indicated treatments, cells were fixed with prewarmed 3.7% formaldehyde, and high resolution 3D confocal stacks were obtained. Image reconstructions were performed with ImageJ, and 3D morphometry measures were performed with Imaris.
Cytochrome c/mitochondria colocalization assays. Following the indicated drug treatments, SH-SY5Y cells stably transfected with pDsRed2-Mito were immunostained with a sheep anti-cytochrome c antibody (Abcam; 1 : 1000) and the corresponding anti-sheep FITC-labeled secondary antibody. 3D stacks were obtained in an Olympus FV1000 confocal microscope (Olympus, Tokyo, Japan) and the Pearson's correlation coefficient (Rp) between cytochrome c and mito-DsRed2-labeled mitochondria were calculated for each plane. At least three representative fields containing an average of 45 cells/field were used per experimental condition.
Cell death assay. Cell death was quantified by flow cytometry after propidium iodide staining. At selected time points after treatment, cells were detached and collected by centrifugation, resuspended and fixed in 70% ethanol at À 20 1C O/ N. After centrifugation, the pellet was stained for 30 min with 50 mg/ml propidium iodide staining solution (3.8 mM sodium citrate, 50 mg/ml RNaseA in PBS). Fluorescence measurements and analyses were performed using FACSCalibur flow cytometer (BD biosciences).
Isolation of brain mitochondria, cytochrome c release assays, polarography. Nonsynaptosomal brain mitochondria was obtained as previously reported. 4 Briefly, brains from C57BL/6 mice were homogenized in isolation buffer (225 mM mannitol, 75 mM sucrose, 1 mM EGTA, 20 mM HEPES and 0.1% fat-free BSA) using a motorized Dounce homogenizer with eight up-anddown strokes. The homogenate was centrifuged at 1000 Â g for 10 min, and the resulting supernatant was layered onto a gradient of Ficoll and centrifuged at 79 000 Â g for 30 min. The mitochondrial pellet was resuspended in isolation buffer. Protein concentrations were determined by the bicinchoninic assay method (Pierce Chemical Co., Rockford, IL, USA) with BSA as a standard protein.
For cytochrome c release experiments, 300 mg of isolated brain mitochondria were incubated for 15 min at RT in constant agitation with MPP þ (100 mM) and recombinant oligomeric Bax (100 nM; Abnova), and pelleted at 12 000 Â g for 15 min at 4 1C. The percentage of cytochrome c release was estimated by assessing the intensities of the immunoblot bands in both particulate and soluble mitochondrial fractions, as previously described. 4 Oxygen consumption was monitored using a Clark-type electrode (Hansatech Instruments, PP Systems, Haverhill, MA, USA), as described. 4 Ascorbate/TMPD assay. These experiments were performed as described. 4, 18 Briefly, 1 mg/ml mitochondria was incubated in sucrose buffer (0.2 M sucrose/10 mM trisphosphate-4-morpholinepropanesulfonic acid, pH 7.4/ 1 mM Pi/5 mM glutamate/2.5 mM malate/10 mM EGTA-phosphate Tris, pH 7.4) and treated as indicated. After the indicated time, 400 pmol carbonyl cyanide 3-chlorophenylhydrazone and 1 nmol antimycin A per mg of protein were added, and the reaction was transferred to a Clark-type oxygen electrode chamber. Final volume was 1 ml at 25 1C. After 2 min, 6 mM ascorbate was added, followed by 300 mM TMPD 3 min thereafter. The ascorbate-driven oxygen consumption rate over the total TMPD-driven rate was plotted as a percentage of the ratio in the UT mitochondria.
Recombinant OPA1 production. OPA1 recombinant protein was synthesized in vitro using the TnT quick-coupled transcription/translation system from Promega. Recombinant biotinylated OPA-1 was obtained by adding Transcend tRNA to the TnT reaction mix (Promega, Madison, WI, USA). In all experiments, reticulocyte lysate without Opa1 was used as control.
Animals and treatments. Eight-to 10-week-old C57BL/6 mice received one i.p. injection of MPTP-HCl per day (30 mg/kg of free base; Sigma-Aldrich, St. Louis, MO, USA) for 5 consecutive days and were killed at the indicated time points after the last MPTP injection; control mice received saline injections only.
Assessment of OPA1 contents in isolated ventral midbrain mitochondria by flow cytometry. Isolated brain mitochondria from dissected ventral midbrains were incubated with isolation buffer 1% BSA containing a 1 : 50 dilution of mouse monoclonal anti-OPA1 antibody (BD biosciences). Alexa 647 anti-mouse (1 : 500) was used as secondary antibody. Flow cytometry was performed in a FACSCalibur flow cytometer (BD biosciences). OPA-1 signal was recorded on FL4-H.
AAV vector production and sterotaxic delivery. AAV vector of serotype 2/6 encoding for OPA1 were produced at the UPV-CBATEG (Autonomous University of Barcelona, UAB, Spain). Control AAV 2/6 vectors encoding for GFP were kindly provided by Dr. M Monfar (UPV-CBATEG). Viral titers were 1.6 Â 10 12 viral particles/ml for AVV-OPA1 and 1.2 Â 10 12 for AAV-EGFP. One microliter of viral suspension was stereotaxically delivered to the substantia nigra of 6-week-old C57BL/6 mice ( À 2.9 AP, À 1.3 L and À 4.2 DV) at a flow rate of 0.2 ml/min. At day 21 post AAV injections, animals were killed or subsequently treated with saline or MPTP, as indicated.
Quantitative morphology. Twenty-one days after the last MPTP injection, mice were killed, and their brains were removed and processed for immunohistochemistry using a polyclonal anti-TH (1 : 1000; Calbiochem). The total number of TH-positive SNpc was estimated by stereology using the optical fractionator method. 2 Optical densitometry of striatal TH-positive terminals was determined using Scion Image software, as described. 17 Statistical analysis. All values are expressed as the mean ± S.E.M. Differences among means were analyzed by using one-or two-way ANOVA. When ANOVA showed significant differences, pair-wise comparisons between means were tested by Student-Newman-Keuls post hoc testing. In all analyses, the null hypothesis was rejected at the 0.05 level.
